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 ABSTRACT 
Infections are a devastating complication of titanium alloy orthopedic implants. Current therapy includes 
antibiotic-impregnated bone cement, and antibiotic-containing coatings. We hypothesized that daptomycin, a 
Gram-positive peptide antibiotic, could prevent bacterial colonization on titanium alloy surfaces if covalently 
bonded via a flexible, hydrophilic spacer. We designed and synthesized a series of daptomycin conjugates for 
bonding to the surface of 1.0 cm2 Ti6Al4V foils through bisphosphonate groups, reaching a maximum yield of 
180 pmol /cm2. Daptomycin-bonded foils killed 53±5% of a high challenge dose of 3×105 cfu Staphylococcus 
aureus ATCC 29213. 
 INTRODUCTION 
 The introduction of medical implants has revolutionized the field of medicine. Orthopedic implants, dental 
implants, vascular grafts, heart valves and stents have extended life spans and the quality of life (1). However, 
implant-associated infections are serious complications of all those medical devices (2). The current 
arthroplasty infection rate ranges from 1-5%, but the infection rate is much higher in trauma patients and in 
populations at risk for infection (3). Implant removal is usually the only clinical option because bacterial 
biofilm formation on the surface of the implant protects the microorganisms from the immune system and 
antibiotic therapy (4, 5). A number of local antibiotic delivery systems, such as antibiotic-containing 
polymethylmethacrylate cement (6) or biopolymers (7) have been developed to prevent orthopedic implant-
associated infections. These approaches suffer from the limitation that the antibiotics can only be released to the 
surroundings over a short time. In some cases, the porous material holding the antibiotics has to be removed by 
a second surgery (2). 
 In order to address the problems faced by local delivery systems, covalent modification of orthopedic 
implants has been investigated with a variety of antibacterial materials. Quaternary ammonium salts, such as 
poly(4-vinyl-N-alkylpyridinium bromide) and 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium 
chloride, were covalently bonded to glass, metal and polymer surfaces to provide bactericidal activity (8, 9). An 
antimicrobial peptide LL-37 has also been attached to the surface of titanium alloy implants to prevent 
infections (10, 11). The peptide has a broad-spectrum activity against bacteria and fungi through peptide-
membrane interactions leading to membrane permeation. Ampicillin has been used to modify the surface of 
polytetrafluoroethylene to effect surface antibiotic activity (12, 13).  
 Recently, we reported the covalent modification of titanium powder and titanium alloy pins by vancomycin, 
a Gram-positive peptide antibiotic that blocks peptidoglycan crosslinking (14), via a flexible, hydrophilic spacer 
(15, 16). The surfaces of the titanium alloy pins were uniformly oxidized with a hydrogen peroxide/sulfuric acid 
mixture, then functionalized with aminopropyltriethyoxysilane. After amide bonding of two 
aminoethoxyethoxyacetates to the surface aminopropyl groups, vancomycin was coupled to the titanium alloy 
surface via a third amide bond. The covalently attached vancomycin prevented Staphylococcus aureus (17) and 
 S. epidermidis (18) colonization and biofilm formation on the titanium alloy surfaces. 
 This approach should be effective against most Gram-positive infections today, since resistance to 
vancomycin is relatively rare.  Nevertheless, resistance to vancomycin is becoming more prevalent (19, 20), and 
we must prepare for the time when vancomycin will be much less effective. Treatment with daptomycin, a 
recently discovered antibacterial cyclic lipopeptide (21), might be a candidate for a second generation antibiotic 
as there have been no reports yet of resistance.  Daptomycin appears to function by penetrating the bacterial cell 
membrane and causing rapid depolarization, resulting in a loss of membrane potential, leading to inhibition of 
protein, DNA and RNA synthesis, thereby killing the bacteria (22).  
 Bisphosphonates bind strongly to metal surfaces and bone tissue (23, 24), and have been successfully 
integrated into bone-specific drug delivery systems to target protein, peptide, estrogen, antibiotics, antitumor 
and radioactive pharmaceutics to bone tissue (25). Recently, bisphosphonate has been conjugated with 
polyethylene glycol or alkanes to directly modify titanium surfaces (26), and an RGD peptide was bound to the 
titanium implants by conjugating with four phosphonic acid groups (27). Because of the strong and selective 
affinity of phosphonates to the oxidized surface of titanium (25), we hypothesized that a phosphonate derivative 
of daptomycin could bond readily to the surface of Ti6Al4V titanium alloy to form an antibiotic monolayer. 
This approach could reduce the number of chemical synthetic steps required, relative to our vancomycin 
construct (16), and make sterilization feasible during production. 
MATERIALS AND METHODS 
Materials  
Daptomycin was purchased from Cubist Pharmaceuticals. Fmoc-Lys(εBoc)-OH, HATU were purchased 
from Novobiochem. Bromoacetic acid, CF3CO2H, CH2Cl2, CH3CN, DCC, Et2O, EtOAc, hexane, H2NEtNH2, 
iPr2NEt, iPrOH, iPr3SiH, Me2NCHO, and MeOH were purchased from Sigma-Aldrich. Müller-Hinton broth 
was purchased from Becton-Dickinson. Mal-dPEG®4 NHS ester (#10214) (succinimidyl-TEG-maleimide) was 
purchased from Quantum Biodesign Ltd. 2-(2-mercaptoethylamino) ethylidene-1,1-bisphosphonic acid (1), 
prepared as described (28) (Scheme 1) was the generous gift of Dr. Ivan S. Alferiev of the Children's Hospital 
of Philadelphia. 
 Chromatography  
 Normal phase flash chromatography of crude products was carried out on 2.5 x 60 cm silica gel column 
eluted with 75% hexane/25% EtOAc or 95% CH2Cl2/5% MeOH.   
 Preparative reversed phase high performance liquid chromatography (HPLC) of intermediates was 
performed on an Alltech Alltima C18 5µ column, 250×22 mm, coupled to a UV detector at 254 nm, eluted with 
a linear gradient of 10-50% CH3CN in water containing 0.1% CF3CO2H in 30 min at a flow rate 6 mL/min. The 
analysis was performed with a Waters 600E system, using Alltech C18 5µ, 250×4.6 mm column coupled to a 
Waters 486 detector at 254 nm. Sample was eluted with a linear gradient of 20-70% CH3CN in water containing 
0.1% CF3CO2H in 30 min with a flow rate of 1mL/min. Thin layer chromatography of intermediates was done 
on Baker Si250F silica gel TLC plates developed with  MeOH/CH2Cl2 solvent system, then visualized with a 
Mineralight 254 nm lamp. 
Apparatus 
 1H NMR spectra were recorded with a Varian INOVA 400 MHz spectrometer (Palo Alto, CA). Molecular 
weight analysis was performed on an Ettan MALDI-TOF mass spectrometer (GE Healthcare, Piscataway, NJ). 
Lyophilization was performed using a Christ Alpha 2–4 freeze-dryer (Martin Christ, Osterode am Harz, 
Germany) equipped with a Pfeiffer Vacuum Pump (Asslar, Germany). Fluorescence readings were performed 
on a QuantaMaster double monochromator fluorimeter (Photon Technologies, Birmingham, NJ). Deionized 
water was produced using a Milli-Q water purification system (Millipore, Bedford, MA). 
Synthesis  
 1-Bromoacetyl-2-dansyl-ethylenediamine (2). To 20 mL of H2NEtNH2 was added dansyl chloride (1.079 
g, 4 mmol) in 30 min under stirring (Scheme 1). The reaction was stirred for 2 hr at room temperature, followed 
by removal of unreacted H2NEtNH2 under reduced pressure. The residual syrup was dissolved in 20 mL EtOAc, 
washed with saturated aqueous Na2CO3 solution (3 × 5 mL), and water (3 × 5 mL). The organic phase was dried 
with Na2SO4, filtered, and the solvent was removed by rotary evaporation. The residual product was redissolved 
in dry EtOAc, followed by addition of bromoacetic acid (555.6 mg, 4 mmol) and DCC (824 mg, 4 mmol). The 
mixture was stirred at room temperature for 3 hr, after which the precipitate was removed by filtration. The 
 filtrate was then washed with saturated aqueous Na2CO3 solution (3 × 5 mL), and water (3 × 5 mL). The organic 
phase was dried with Na2SO4. The desired product (2) was purified by flash chromatography on a silica gel 
column eluted with 75% hexane/25% EtOAc. Yield: 1.57 g (94.7%). 1H NMR (400 MHz, CDCl3), δ = 8.62 (d, 
1H), 8.25-8.30 (m, 2H), 7.55-7.62 (m, 2H), 7.25 (br, 1H), 6.71 ( br, 1H), 5.33 (br, 1H), 3.69 (s, 1H), 3.33-3.37 
(m, 2H), 3.07-3.11 (m, 2H), 2.94 (s, 6H). 13C NMR (100 MHz, CDCl3), δ = 166.8, 155.0, 153.6,  134.5, 130.8, 
130.0, 129.6, 128.8, 123.7, 118.6, 115.7, 45.8, 43.2, 40.1, 28.8.  MALDI-TOF MS, calc. 414.32 Da, found 
414.52 Da. 
 Dansyl-bisphosphonic acid (3). 2-(2-mercaptoethylamino)ethylidene-1,1-bisphosphonic acid (1) (265 mg, 
1 mmol) was dissolved in 5 mL of 67% Me2NCHO/33% water and adjusted the pH to 7.0 by NaOH under the 
protection of argon. Then 1-bromoacetyl-2-dansyl-ethylenediamine (2) (414 mg, 1 mmol) was dissolved in 2 
mL Me2NCHO and added dropwise to (1) under the protection of argon (Scheme 1). The mixture was stirred at 
room temperature for 2 hr. The solvent was then removed by rotary evaporation under vacuum. Finally the 
residue was dissolved in 10% aqueous CH3CN and purified by preparative reversed phase HPLC. The eluent 
peak corresponding to the product 2-(9-dansyl-6, 9-diaza-5-oxo-3-thia-nonanyl)-ethylidene-1,1-bisphosphonic 
acid (3) was pooled, concentrated and lyophilized. 1H NMR (400 MHz, Me2SO), δ =8.48 (d, 1H), 8.29 (d, 1H), 
8.13-8.11 (m, 2H), 8.05 (t, 1H), 7.67-7.60 (m, 2H), 7.29 (d, 1H), 3.34-3.27(m, 2H), 3.22 (t, 2H), 3.12-3.09 (m, 
4H), 2.85 (s, 6H), 2.85-2.83 (m, 4H), 2.52-2.51 (m, 1H), 2.44-2.36 (m, 1H).  13C NMR (100 MHz, CDCl3), δ = 
169.0, 157.9, 151.3, 135.7, 129.5, 129, 128.3, 127.9, 123.7, 119.1, 115,2, 45.6, 45.1, 44.3, 41.7, 40.3, 35.5, 33.5, 
27.7. 31P NMR (Me2SO): δ = 17.15 (1H decoupled: s). MALDI-TOF MS, calc. 598.57 Da, found 598.86 Da. 
Yield: 546 mg (91%). 
       Daptomycin-TEG-maleimide (4). Daptomycin (100 mg, 0.062 mmol) was dissolved in 1 mL Me2NCHO 
and added to 1.1 equivalents of succinimidyl-TEG-maleimide (Scheme 2). The mixture was stirred at room 
temperature overnight. The product was precipitated by Et2O and purified by analytical reversed phase HPLC. 
The eluent peak corresponding to the product daptomycin-TEG-maleimide (4) was pooled, concentrated and 
lyophilized. The purified sample was characterized by analytical HPLC (Figure 4B). MALDI-TOF MS, calc. 
for C90H126N18O35 2020.01 Da, found [M+H]+ 2021.53 Da. Yield: 112 mg (89%). 
         Bisphosphonic acid derivative of daptomycin (5). To a solution of daptomycin-TEG-maleimide (4) (100 
mg, 49.5 µmol) in 1 mL water was added 14.4 mg of 2-(2-mercaptoethylamino)ethylidene-1,1-bisphosphonic 
acid (1) in 1 mL water (pH 7.0, adjusted by sodium hydroxide) under the protection of argon (Scheme 2). The 
mixture was stirred at room temperature for 1 hr. The sample was purified by analytical reversed phase HPLC. 
The eluent peak corresponding to the product daptomycin-TEG-bisphosphonic acid (5) was pooled, 
concentrated and lyophilized. The purified sample was characterized by analytical HPLC (Figure 4C). MALDI-
TOF MS calc. for C94H139N19O41P2S 2285.24Da, found [M+H]+ 2286.13 Da. Yield: 105 mg (93%). 
 Dansyl-Lys(εBoc)-OH (6). To a solution of -H2N-Lys(εBoc)-OH (492.6 mg, 2 mmol) in CH2Cl2 (5 mL) 
was added 10 mmol of iPr2NEt, followed by addition of 2.1 mmol of dansyl chloride (dissolved in 2 mL 
CH2Cl2) dropwise over 10 min (Scheme 3).  The mixture was stirred at room temperature for 2 hr. The solvent 
was removed by rotary evaporation, and the residue was dissolved in 10 mL EtOAc, washed with water, then 
dried with Na2SO4. The solvent was evaporated and the resulting product dansyl-Lys(εBoc)-OH (6) was 
purified with flash chromatography with 95% CH2Cl2/5% MeOH (Rf = 0.12). 1H NMR (400 MHz, Me2SO), δ = 
8.53 (d, 1H), 8.32-8.38 (m, 1H), 8.27 (d, 1H), 7.59-7.49 (m, 2H), 7.20 (d, 1H), 5.93 (s, 1H), 4.43 (s, 1H), 3.97-
3.89 (m, 2H) 2.89 (s, 6H), 2.8-2.7 (m, 2H), 1.68-1.6 (m, 2H), 1.38 (s, 9H), 1.22-1.1 (m, 4H). 13C NMR (100 
MHz, CDCl3), δ = 174.2, 158.1, 156.2, 151.6, 134.1, 130.7, 129.8, 129.7, 128.4, 123.2, 119.3, 115.3, 81.1, 55.5, 
45.8, 39.9, 32, 28.4, 21.7. MALDI-TOF MS calc. for C23H33N3O6S 479.59 Da, found [M+H]+ 480.62 Da. Yield: 
765 mg (87%). 
 Dansyl-Lys-daptomycin (7). Dansyl-Lys(εBoc)-OH (6) (23.6 mg, 49 µmol), NHS (7.4 mg, 55 µmol), and 
DCC (11.2 mg 54 µmol), were dissolved in 5 mL anhydrous EtOAc in darkness. After stirring for 2 hr at room 
temperature, the precipitate was removed by filtration, and the solvent was evaporated. The resultant NHS 
active ester was dissolved in 1 mL anhydrous Me2NCHO and added to a solution of 100 mg daptomycin in 1 
mL Me2NCHO (Scheme 3).  The mixture was stirred at room temperature overnight. The product was 
precipitated by Et2O, sedimented, and dried under vacuum. The residue was incubated with 2 mL 95% 
CF3CO2H/2.5% water/2.5% iPr3SiH at room temperature for 1 hr to deprotect the Boc group. The deprotected 
derivative was precipitated by Et2O and purified by analytical reversed phase HPLC. The eluent peak 
 corresponding to the product dansyl-Lys-daptomycin (7) was pooled, concentrated and lyophilized. The purified 
sample was characterized by analytical HPLC and MALDI-TOF MS. Calc. for C90H125N19O27S, 1937.13 Da, 
found [M+H]+ 1938.09 Da. Yield: 105 mg (88%). 
 Dansyl-Lys-daptomycin-TEG-maleimide (8). Dansyl-Lys-daptomycin (7) (120 mg, 0.062 mmol) was 
dissolved in 1 mL Me2NCHO and added to 1.1 equivalents of succinimidyl-TEG-maleimide in 1 mL 
Me2NCHO (Scheme 3).  The mixture was stirred at room temperature overnight. The product was precipitated 
by Et2O and purified by analytical reversed phase HPLC. The eluent peak corresponding to the product dansyl-
Lys-daptomycin-TEG-maleimide (8) was pooled, concentrated and lyophilized. The purified sample was 
characterized by analytical HPLC and MALDI-TOF MS. Calc for C108H149N21O38S, 2381.52 Da, found [M+H]+ 
2383.10 Da. Yield: 128 mg (87%). 
 Dansyl-Lys-daptomycin-TEG-bisphosphonic acid (9). The conjugation of 2-(2-mercaptoethylamino) -
ethylidene-1,1-bisphosphonic acid (1) with 8 to give the dansyl-Lys-daptomycin-TEG-bisphosphonic acid 
derivative (9) (Scheme 3) was carried out according to the procedure described above for preparing (5).  The 
purified dansyl-Lys-daptomycin-TEG-bisphosphonic acid (9) was characterized by analytical HPLC (Fig. 4D). 
MALDI-TOF MS: calc. for C112H162N22O44P2S2 2646.68 Da, found [M+H] + 2648.02 Da.  
Methods 
      Oxidation of Ti6Al4V foil surface. Ti6Al4V foil (0.6mm thickness ) was cut into 1×1cm squares and 
washed twice with acetone, then once each with double-deionized water, saturated aqueous Alconox, and 0.1 M 
NaOH. Finally, the foils were washed with 50% concentrated HCl/50% MeOH at room temperature for 30 min 
with sonication every 5 minutes, followed by three washes with double-deionized water. The cleaned foil 
surfaces were then oxidized in 50% H2O2/50% concentrated H2SO4 at 4˚C for 4 hr. The oxidized foils were 
washed four times with water, Me2NCHO, and water, dried overnight under vacuum and placed in the argon 
atmosphere chamber of an MO-20M glove box (29). 
 Attachment of dansyl-bisphosphonic acid (3) to Ti6Al4V foils. 2-(9-Dansyl-6,9-diaza-5-oxo-3-thia-
nonanyl)-ethylidene-1,1-bisphosphonic acid (3) (5 mg/mL) was incubated with oxidized Ti6Al4V foils in water 
(pH was adjusted to 7.0 using 1 M NaOH) at room temperature for 16 hr (Scheme 1) with intermittent shaking. 
  Stability of dansyl-bisphosphonic acid (3) on the surface of titanium foil. After washing with water and 
PBS, the dansyl-bisphosphonate foils were immersed in PBS, pH 7.4 and kept at 37˚C to investigate the 
stability of the linkage between the titanium and dansyl. The dansyl-bisphosphonate residues released into the 
solution were measured by total fluorescence (λex 337 nm and λem 520 nm) (30) at several time points over one 
month.  
 After one month of incubation at pH 7.4, 1 M NaOH was added to the PBS buffer to adjust the pH to 12, 
and the foils were incubated with the basic solution for 4 hr at room temperature, with intermittent sonication, to 
release all the remaining dansyl moieties from the surface of the foils, as described (30). Dansyl moieties in 
solution were measured by fluorescence as before. In each batch of foils, the total fluorescence stripped from 
the foil was treated as 100%.   
 Attachment of daptomycin-TEG-bisphosphonic acid (5) to Ti6Al4V foils. Daptomycin-TEG-
bisphosphonic acid (5) (2 mg, 0.88 mol) was dissolved in 1 mL water and the pH was adjusted to 7.0 with 1 
M NaOH. Six foils (1×1×0.06 cm) were immersed in the solution and kept at room temperature for 16 hr with 
intermittent gentle shaking, avoiding foil to foil contact. The solution was removed and the foils were washed 
with water (3×1.5 mL), Me2NCHO (3×1.5 mL), and water (3×2 mL). The foils were dried under vacuum at 
room temperature.  
 Fluorescent quantitation of daptomycin derivatives on the titanium foil surface. Dansyl-Lys-
daptomycin-TEG-bisphosphonic acid (9) (5 mg/mL) was incubated with 20 Ti6Al4V foils at pH 7 at room 
temperature for 16 hr, followed by washing with water, Me2NCHO, and water. The modified foils were then 
incubated with 0.01 M NaOH at room temperature for 4 hr. The fluorescence was recorded with λex 337 nm and 
λem 520 nm (30), quantitated against a standard curve of known dansyl concentrations, as before (16). 
 Minimum inhibitory concentrations. Minimum inhibitory concentrations (MIC) were determined by broth 
microdilution according to NCCLS guidelines (31) except that the Müller-Hinton Broth was supplemented to 50 
mg/L Ca2+ and all assays were performed at 37˚C with S. aureus ATCC 29213. 
 Antibacterial activity assay on daptomycin-TEG-bisphosphonate-Ti6Al4V foils. Each dried foil was 
adhered in place in an individual well of a 24-well plate by low melting point wax with the upper surface 
 uncovered (Figure 1). The upper surfaces of the foils were sterilized with 70% iPrOH for 30 min at room 
temperature, followed by rinsing with sterile broth three times. Then 200 µL of Müller-Hinton broth 
(complemented with Ca2+) containing 3×105 cfu were transferred into each well containing a foil, and incubated 
at 37°C for 16 hr (same time point with that used in MIC test). The broth in the wells was diluted with 800 µL 
of fresh Müller-Hinton broth and the optical density at 600 nm was recorded. The experiment was carried out 
with non-immobilized daptomycin-modified foils and immobilized blank foils as controls. 
 Statistical Analysis. Data were expressed as mean±SE. The significance of differences between means of 
experimental groups was determined by using Student’s t test. 
RESULTS  
 Design and synthesis of dansyl-bisphosphonic acid (3) as a fluorescent model for Ti6Al4V bonding. 
The reaction of dansyl chloride with a large excess of H2NEtNH2 provided dansylamidoethylamine as the main 
product, and the residual H2NEtNH2 could be collected for further use (Scheme 1). The reaction of 
dansylamidoethylamine and bromoacetic acid gave 1-bromoacetyl-2-dansyl-ethylenediamine (2). The dansyl-
bisphosphonic acid derivative (3) was prepared by selective reaction of 1-bromoacetyl-2-dansyl-
ethylenediamine (2) with 2-(2-mercaptoethylamino) ethylidene-1,1-bisphosphonic acid (1) under basic 
conditions (Scheme 1).  
 Attachment of dansyl-bisphosphonic acid (3) to Ti6Al4V foils. 2-(9-Dansyl-6,9-diaza-5-oxo-3-thia-
nonanyl)-ethylidene-1,1-bisphosphonic acid (3) (5 mg/mL) was incubated with oxidized Ti6Al4V foils in water 
(pH was adjusted to 7.0 using 1 M NaOH) at room temperature for 16 hr (Scheme 1) with intermittent shaking. 
The time course of attachment is shown in Figure 2. Coupling was largely complete by 1 hr, and leveled off by 
10 hr.  
 Stability of dansyl-bisphosphonic acid (3) on the surface of titanium foil. The dansyl-bisphosphonate 
residues released into the, pH 7.4 PBS solution at 37˚C were measured by total fluorescence (λex 337 nm and 
λem 520 nm) (30) at several time points over one month (Figure 3). In each batch of foils, the total fluorescence 
stripped from the foil was treated as 100%.  The data showed that about 25% percent of the dye was released in 
the first 10 hr of incubation in pH 7.4 phosphate saline buffer. No more dansyl was released to the buffer in one 
 month. It seems likely that the rapidly eluted dansyl moieties were only adsorbed, not covalently bonded. The 
results imply that the covalently attached dansyl-bisphosphonic acid was stable on the surface of titanium foils 
in PBS at 37°C.  
 Design and synthesis of of bisphosphonic acid derivative of daptomycin (5) for bonding to Ti6Al4V 
foils. Daptomycin is a cyclic lipopeptide antibiotic with one primary amino group, four carboxylic acid groups 
and one sensitive indole ring (21). A study of N-acylated ornithine analogs of daptomycin indicated that 
acylation of the ε-amino group on ornithine did not significantly influence the antibacterial activity (32, 33). 
Only the ε-amino group on ornithine reacted with NHS active esters. Electron density on the aromatic amine of 
the daptomycin anthraniloyl residue is more delocalized than usual by the neighboring carbonyl function. The 
resulting low nucleophilicity greatly disfavors reaction with NHS esters. 
 In order to increase the flexibility of attached daptomycin on the surface of titanium foil, bifunctional TEG 
with maleimide and NHS groups was selected to conjugate with daptomycin to form daptomycin-TEG-
maleimide (4) overnight in Me2NCHO, after which the maleimide specifically reacted with sulfhydryl group of 
2-(2-mercaptoethylamino)ethylidene-1,1-bisphosphonic acid daptomycin-TEG-maleimide (1) at pH 7.0 with a 
yield of 93% (Scheme 2). 
 Dansyl-Lys-daptomycin-TEG-bisphosphonic acid (9). The antimicrobial activity of daptomycin 
prompted us to prepare dansyl-daptomycin bisphosphonates to enable fluorescent monitoring of foil bonding. In 
order to introduce the dansyl group, the ε-amine of lysine was coupled with dansyl while the ε-amine side chain 
of lysine was protected with Boc (Scheme 3). To prepare dansyl-Lys-daptomycin (7), the ε-dansyl-Lys(εBoc (6) 
was converted to a succinimidyl active ester, and used to acylate the ornithine residue of daptomycin (Scheme 
3). The deprotected lysine ε-amino side chain in (7) was reacted with succinimidyl-TEG-maleimide to give 
dansyl-Lys-daptomycin-TEG-maleimide (8). The conjugation of 2-(2-mercaptoethylamino)ethylidene-1,1-
bisphosphonic acid (1) with 8 to give the dansyl-Lys-daptomycin-TEG-bisphosphonic acid derivative (9) 
(Scheme 3) was carried out according to the procedure described above for preparing (5).  The purified dansyl-
Lys-daptomycin-TEG-bisphosphonic acid (9) was characterized by analytical HPLC (Fig. 4D)  
 Fluorescent quantitation of daptomycin derivatives on the titanium foil surface. After confirming the 
 antibacterial activity of attached daptomycin on the surface of titanium foils, dansyl-Lys-daptomycin-TEG-
bisphosphonic acid (9) was synthesized, and was used as a model to investigate how much daptomycin was 
coupled to the solid surface. The daptomycin loading fell in the range of 0.06-0.18 nmol/cm2, below the 
theoretical maximum of adducts that could be coupled to the surface of titanium foil, 0.22 nmol/cm2 (34). 
 Antibacterial activity of surface tethered-daptomycin. The MIC of DAP-TEG-bisphosphonic acid (5) 
was 8.0 µg/mL with S. aureus ATCC 29213 as the model bacterium in calcium-complemented Müller-Hinton 
broth, compared with an MIC of 0.8 µg/mL for daptomycin (See Supplemental Material). The mass of 
daptomycin attached to a single 1.0 cm2 Ti6Al4V foil at the maximum observed yield of 0.18 nmol/cm2 is 0.83 
µg. If that amount of (5) was released into the 200 µL of broth applied to each foil, the concentration of (5) in 
solution would only be 4.2 µg/mL, lower than 8.0 µg/mL (MIC of daptomycin-TEG-bisphosphonic acid).  
 However, the covalently bound daptomycin on the solid phase foil surfaces killed 53±5% of the high 
challenge dose of 3×105 cfu In the 200 µL of broth applied to each foil (Figure 5). The data showed that there 
was a significant difference (p=0.00001) between the bacterial growth inhibition activities of the DAP-TEG-
bisphosphonate surface and the non-modified control surfaces. No significant antibacterial activity difference 
(p=0.20, 0.49, 0.20) was observed among the non-modified or non-adhered control surfaces. 
DISCUSSION 
 The gold standard for implants is titanium because of its biocompatibility and osseointegrating ability (35). 
Much effort has been paid to the surface modification of titanium implants to enhance osseointegration. And 
biofuctionalization of the titanium implants surface by attaching therapeutic proteins, peptides, or antibiotics 
have attracted the attention of scientists from metallurgy and medicinal chemistry (36). We have linked 
vancomycin to titanium powder and pins by aminopropylation of the surface with aminopropyltriethoxysilane 
and attaching the antibiotics to the functionalized surface via a pair of diethyleneglycol spacers to extend the 
drug away from the metal surface. The attached antibiotics significantly inhibited the growth of bacteria on the 
metal surface (15, 16). The extensive chemical manipulations and the incompatibility of metallurgy and organic 
chemistry prompted us to investigate a more convenient and compatible method. In fact, functionalization of 
titanium alloy surfaces using a “dip and rinse” protocol that combines the goals of efficacy and convenience is 
 being sought by those working in this area (27).  
 Bisphosphonate binds strongly to metal surfaces and bone tissue (23, 24), so it became our first choice in the 
design and preparation of a daptomycin conjugate to be attached to Ti6Al4V alloy through the “dip and rinse” 
process. The preparation reported here of dansyl-TEG-bisphosphonic acid and its stable attachment to the 
surface of oxidized Ti6Al4V demonstrates the practicality of “dip and rinse” modification by daptomycin-
bisphosphonate conjugates. The bioactivity and stability results indicated that bisphosphonate derivatives of 
daptomycin could effectively attach to Ti6Al4V foils and provide significant antibacterial activity. It is 
inevitable that some daptomycin bisphosphonates will dissociate from the metal surfaces over time. However, 
the dissociated daptomycin bisphosphonates are likely to be trapped by the surrounding bone tissue, thereby 
reducing systemic distribution, because of the bone-targeting activity of bisphosphonates after systemic 
administration of drug-bisphosphonate conjugates (25). By changing the number of phosphonates linked with 
the drugs, the stability might be adjustable in order to meet different requirements. 
 The selection of antibiotics to be covalently attached to the surface of implants is key to surface antibacterial 
activity. Current strategies to prevent implant-related infections include antibiotic-eluting bioceramics, drug-
impregnated bone cements, and natural and synthetic polymers loaded with antimicrobials (37). Erythromycin, 
tobramycin, gentamicin, cephalexin, norfloxacin, sulbactam-cefoperazone, sulbactam-ampicillin and 
antimicrobial peptides have been used in the delivery system. These materials deliver active drugs only from the 
time of implantation, lasting at most only through the immediate postoperative period, and deliver a relatively 
low solution concentration. 
 Covalent attachment of antibiotics to the surface of implants is the new direction in the development of self-
protecting bactericidal implants. Amipicillin (38), vancomycin (15) and antimicrobial peptides (11) have been 
reported to be attached to the surface of implant materials such as polytetrafluoroethylene and titanium alloys. 
There are several factors that should be taken into consideration to select the antibiotics to be attached to the 
surface of an implant. The antimicrobial should ideally act at the bacterial cell surface, such as beta-lactams, 
vancomycin, quaternary ammonium, or antimicrobial peptides. If the site of action is inside the bacterium, 
permanent bonding would significantly reduce bioactivity. We observed that phenomenon previously when we 
 explored the attachment of minocycline to the surface of Ti6Al4V foils through an acid-labile linkage that could 
be broken in response to the lower pH caused by a local bacterial infection (39). It will also be valuable to 
investigate the effect of longer or shorter spacers. 
 The second important characteristic is that the interaction of the antimicrobial with the bacteria should be 
non-covalent, so that the antibiotic remains unchanged and active after each bacterial challenge. Even though 
ampicillin and other beta-lactam antibiotics were effective against Gram-positive and some Gram-negative 
bacteria, the beta-lactam interaction with bacterial transpeptidases opens the lactam ring to covalently modify 
the enzyme, so that the antibiotics can only be used once. Daptomycin, however, acts in the bacterial 
membrane, leading to a change in cell polarity and permeability that kills the bacteria (22). The interaction of 
daptomycin with bacteria depends only on physical binding. As a result, daptomycin could retain its structural 
integrity and bactericidal activity against successive bacterial challenges, as we observed with vancomycin 
bound to titanium alloy surfaces (15, 17, 18). 
 The daptomycin bonded to the Ti6Al4V surfaces killed 53±5% of the high challenge dose of bacteria 
suspended in a drop of broth applied to each foil. Under the condition of our experiments, the surface was 
exposed to 1.5 × 106 cfu/mL, many more than in clinical practice, where most circulating bacteria will be 
suppressed by systemic antibiotics, and only a limited number of opportunistic bacteria first attack an implant. 
 In conclusion, bisphosphonic acid derivatives of daptomycin were synthesized. The conjugates were stably 
attached to Ti6Al4V surfaces and provided antibacterial activity against high doses of S. aureus. The antibiotics 
can stay bonded to the alloy for an extended period to prevent infections on the surfaces of implants. The 
integration of bisphosphonates with antibiotics opens a new way for covalent protection of implants.  
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Scheme 1. Synthesis of dansyl bisphosphonic acid (3) and attachment to the oxidized surface of Ti6Al4V foil. 
A. 2-(2-mercaptoethylamino) ethylidene-1,1-bisphosphonic acid (1): (i) water, 110°C, 6 hr. (ii) Me3P. B. 
Dansyl bisphosphonic acid (3): (i) dansyl chloride, rt 2 hr. (ii) bromoacetic acid, DCC, EtOAc. (iii) 2-(2-
mercaptoethylamino)ethylidene-1,1-bisphosphonic acid (1), 50% Me2NCHO/50% water. C. Attachment to 
Ti6Al4V foil. 
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Scheme 2. Synthesis of daptomycin-TEG-bisphosphonic acid (5). i) 1.1 equivalent of succinimidyl TEG 
maleimide, Me2NCHO, r.t. ii) 2-(2-mercaptoethylamino) ethylidene-1,1-bisphosphonic acid (1), 50% 
Me2NCHO/50% water. 
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 Scheme 3. Synthesis of N-dansyl daptomycin bisphosphonic acid (9). i) Dansyl-Lys (Boc)-NHS ester, 
Me2NCHO, r.t, overnight. ii) CF3CO2H: water: iPr3SiH (95:2.5:2.5), rt, 1h. iii) succinimidyl-TEG-maleimide, 
Me2NCHO, rt, overnight. iv) 2-(2-mercaptoethylamino) ethylidene-1, 1-bisphosphonic acid , 50% 
Me2NCHO/50% water. 
 
 
 
 
 
 
 
Figure 1. Each dried Ti6Al4V foil was adhered in place in an individual well of a 24-well plate by low melting 
point wax for antibiotic activity evaluation with the upper surface uncovered. Left: empty well; right: one piece 
of Ti6Al4V foil adhered in the well using low melting point wax. 
  
 
 
Figure 2. Time course of attachment of dansyl bisphosphonic acid bound to the surface of Ti6Al4V foils at 
different time points. The passivated foils were incubated with dansyl bisphosphonic acid (pH 7.4, 2.5 mg/mL) 
at room temperature. The foils were removed from the solution at a series of time points, washed with 
Me2NCHO and water, followed by incubating with 1 mL 0.01 M NaOH at room temperature for 3 hr. The 
fluorescence in the NaOH solution was recorded with λex 337 nm and λem 520 nm (30). 
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Figure 3. Release kinetics of dansyl bisphosphonic acid on the surface of Ti6Al4V foil. The foil was incubated 
in 1 mL phosphate buffer (pH 7.4) at 37˚C. Dansyl fluorescence was recorded with with λex 337 nm and λem 520 
nm. The data was expressed as release percentage = (Fsample-F0)/(Ffinal-F0). Fsample: the fluorescence at a certain 
time point; F0: background of phosphate buffer; Ffinal: fluorescence of the loading dansyl bisphosphonic acid. 
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Figure 4. Analytical HPLC of daptomycin (A), daptomycin-TEG-maleimide (B), daptomycin-TEG-
bisphosphonate (C), and dansyl-daptomycin-TEG-bisphosphonate (D). The analysis was performed with a 
Waters 600E system, using Alltech C18 5µ, 250×4.6 mm column coupled to a Waters 486 detector at 254 nm. 
Sample was eluted with a linear gradient of 20-70% CH3CN in water containing 0.1% CF3CO2H in 30 min with 
a flow rate of 1mL/min. The retention times for the peaks in A, B, C, and D were 18.3 min, 18.4 min, 15.5 min 
and 15.9 min, respectively. 
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Figure 5. Histogram of antibacterial activity of daptomycin bisphosphonic acid covalently bound to the surface 
of Ti6Al4V foils. 1: daptomycin modified foils adhered by wax, covered by 200 µL of broth containing 3×105 
cfu S. aureus; 2: non-adhered daptomycin modified foils floating in 200 µL of broth containing 3×105 cfu S. 
aureus; 3: adhered blank foils incubated with 200 µL of broth containing 3×105 cfu S. aureus; 4: 200 µL of 
broth containing 3×105 cfu S. aureus. Symbol * indicates statistically significant differences (p<0.05) from the 
other groups. The y-axis is the optical density of the bacteria-containing broth at 600 nm. 
 
 
 
